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TECHNICAL NOTE 3884

IGNITION DELAYS AND FLUID PROPERTIES OF SEWER/L FUELS AND NITRIC!

ACID OXIDANTS IN TEMPERATURE RANGE FROM 70° TO -105° #

By Riley O. Miller

suMMARY

Ignition-delay characteristics of appro-tely 90 fuel-oxidant com-
binations were determined in a modified open-cup apparatus at -40° F.
Combinations considered worthy of further study were investigated at tem-
peratures in the range from 70° to -105° F. Freezing temperatures of
acids were determined as well as viscosities of several fuels at moderate
and low temperatures.

At -40° F, several blends of aromatic smines with triethyl.amineshow
q* promise as i~itor fuels with mixed acid (nitric acid plus sulfuric acid)
~ and red fuming nitric acid} and sane of these fuels may be useful also

with white fuming nitric acid.“

Several blends of aromatic amines in triethylsmine were found to be
fluid at -105° F, and red fwning nitric acid containing approximately 3
percent water and 19 percent nitrogen tetroxide was foumd to freeze at
approximately -87° F. With this acid, 30 percent by volume blinds of
Q-toluidine, aniline, snd xykhlines, respectively, in triethylamine showed
desirable ignition characteristics at -76° F, spec~ied nwdmum freezing
temperature for military atiation fuels. With this red fuming nitric acid
supercooled to -105° F, 30 percent by volume ~-tokhline in triethylamine
showed the most consistent ignitability.

INTRODUCTION

Nly extended tactical applications of rocket powerplants require
fuel-oxidant combinations that are fluid and selX’-ignitingat very low
temperature. A primary use for these fuel-oxidant combinations will

supersedes N/KM Research Memorandum E51Jll, “Ignition-Delay Char-
acteristics in Modified Open-Cup Apparatus of Several Fuels with Nitric
Acid Oxidants within Tempe=ture Range 70° to -105° F“) by Riley O.9
Miller, 1951.

.
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be in booster rockets for aircraft flying at high altitudes because re-
peated starts will be required ad each start must be quick and rellable. *
Reliable low-temperature starts will be required also of air-to-air and __ ____
air-to-surface rocket missiles, and rockets used under artic conditions.

For economic sad logistic reasons, nitric acid oxidants are favored
for rocket ap@ications in which propellants are to be stored several
months. Mixed acid (nitric acid plus sulfuric acid), red fuming nitric
acid (nitric acid plus nitrogen tetro@de), and white fuming nitric acid
have been used for this purpose. EarMer investigations at the LewiEI
laboratory (refs. 1 and 2} and elsewhere have shown that several fuels
will ignite with mixed acid at temperatures of -40° F and lower. tied
acid, however, has the disadvantage of possible sludge formation during
storage; other types of nitric acid may therefore be preferred. The
early experiments however, showed that certain fuels which iguite with

&mixed acid at -40 F do not ignite satisfactorilywith other acids at
this temperature. A further investigation of igniter fuels for use with
several ty-pesof acid at -40° F was therefore in order.

The temperature -40° F has been ~ed_by several investigators as a
standard low temperature for ignition-delay experiments and may be low
enough as a minimum starting temperature for certain rocket applications.
lower temperatures, however, have been specified for military aircraft
fuels and equipnent. The freezing temperature for several military jet-
propulsion fuels is currently specified in references 3 and 4 to be not
higher than -76° F (-60° C), and a minimum design temperature of -103° F
(-75° C) is reconunendedin reference 5’because of very low temperatures
occurring at high altitude in tropical,regions. A need for investigation
of fluid properties md ignition characteristics of ~uel-oxidant combina-
tions at temperatures at least as low as -76° F was apparent.

The investigation, described herein, WELS conducted at the NACA Le~s
laboratory in 1951 to select (a] fuels that are fluid at low temperatures
and will ignite at -40° F with mixed, red=-fuming,and white fuming nitric
acids; and (b) a fitric acid oxidant that has a final freezing tempera-
ture that is lower than -76° F and will ignite several low viscosity
fuels at -76° F and lower. Fuels were investigated with a view toward
their utility either as rocket propellants or as igniter fluids to ini-
tiate combustion of hydrocarbon fuels with an acid oxidant which could
be used as a propellant in either case.

The viscosities of 24 fuels, the approxhate freezing temperatures
of 16 acids, and the ignition-delay characteristics for 93 fuel-oxidant
combinations are presented herein. Ignition-delay data were obtained in
a motified open-cup apparatus similar to that described in reference 2
except that imprgved instrumentationwas incorporated.

—
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CEmMNTs AND FUELS

OxmsJlts

Several mixed, red fuming, and white fuming nitric acids were
investigated. The approxhate freezing temperatures, compositions, and
histories of these oxidant acids are presented in table 1.

A code system is used hereti to designate the several acids. The
letters of the code synibolindicate the type of acid, that is: MA,
mixed acid; RFNA, red fuming nitric acid; WFNA, white fuming nitric
acid. The first nuniberin the symbol always indicates the approxhate
percentage of water and the second nuniber(when used) indicates the
approximate percentage of either sulfuric acid in mixed acid or nitrogen
tetroxide in red fuming nitric acid. Thus the symbol MA-2-17 designates
a mixed acid with 2 percent water and 17 percent by weight sulfuric
acid; RIINA-3-19,a red fining nitric acid with approximately 3 percent

s water and 19 percent nitrogen tetroxide; and WFNA-7, a white fuming

8 nitric acid tith 7 percent water. Several special white funtng nitric
$ acids containing other additives were also used. For these acids, the
+* percentage of additive, indicatedby a nuniber,and the chemical synibol
~ of the additive are given in parentheses following the basic symbol;

thus, WFNA-8(6-KN03) is a white fuming nitric acid containing 8 percent
. water snd 6 percent potassium nitrate. Three lots of red fuming nitric

acid containing 2.2 to 3.0 percent water were designated RFNA-3-19 and
the lot is indicated in several instances as lot a, b, or c, respec-
tively.

Fuels

In most of this investigation fuels were used that were blends of
aromatic amines in triethylamLne. Data were also obtained using blended
or unblended furan ccmpounds, mercaptans, various unsaturated ccmpoundsJ
and hydrazine hydrate. The purpose of blending was (a) to produce
fuels which were more fluid thsn the active component alone; and (b) to
investigate further the possibi~ty of producing blends with desirable
ignition characteristics, -much as certain blended fuels have been
shown to ignite more satisfactorily than the parent constituents
(refs. 2and 6).

The Shell Development Company supplied the following compounds:
allyl gl.ycidylether, 2-methylpentadiene, 2,2,4,6-tetrsmethyldihydro-
pyridine, 3-mercapto-l-propanol;they also furnished physical-chemical

. data. The mixed butyl mercaptans and I?,N-diaHylaniline were sup@ied
by the California Research Corporation through an arrangement with the
Bureau of Aeronautics, Deparhaent of the Navy.
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The experimental work may be divided into
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two phases, (a) measure-
*

ment of physical and chemical properties of propellants, &nd (b) meas-
urement of ignitian delays of fuel-oxidant combinations. -. —

Measurement of Physical and Chemical Properties.

Analysis of acids.
$

- Red fuming, white fuming, and anhydrous nitric
acids were analyzed according to the methQd of reference 7. sulfuric z

acid in mixed acid was determined as barium su~ate. The ctanpositions
of several acids were calculated from the quantities of material added
to the acid snd notation has been made.in such cases (see table I).

Freezing temperatures of acids. -,Approximate freezing temperatures
of acids were obtiined by tirst freezing 20 milliliters of the acid in
a thick walled 1- by 8-inch test tube, and then slowly warming the acid -
and noting the temperature &b-which cloudiness disappeared. A total-
immersion toluene thermxueter was used to measure temperatures and was

_—

calibrated under the conditions of the experhent with a standard iron- A

constantan thermocouple.

Viscosities of fuels. - Viscosities of fuels were obtainedby a
.

modified Ostwald viscosimeter accordti to-the methcd of reference 8.
—

Viscosities for.most of the fuels were;determined at -40° F and viscosi-
ties for several fuels showing desimble ignition characteristicswe~e -
also determined at 77° F and at temperat~.es between -103° and -113° F.

Measurement of Ignition Delay

Apparatus and method. - Except for improvements in instrumentation,
the appamtus, which is shown in figure 1, is the same as that described
in reference 2. The function of the apparatus was to bring the fuel
and oxidant into contact with each other at a desired initial &mpera-
ture and to measure the time interval between the start of mutual con-

—

tact and the first appearance of flame. This time interval was defined
as the ignition-delay interval. One milliliter of the fuel was con-
tained in a small.pyrex glass smpule submerged in 3 milliliters of the
acid oxidant in a 1- by 8-inch pyrex @nition-@pe test tube. Both the

—

fuel and oxidant were cooled to a desired .temperatureby submersing the
test tube in a constant-temperaturemethanol bath contained in a clear-
glass Dewar cylinder. The fuel ampule was broken by a stainless-steel
rod that was struck by a falling weight. High-speed motion pictures
(ref. 2) show that the ampule is broken and the fuel and oxidant con-

.
—

tact each other within an interval of less than 2 milliseconds. The
extent of mixing probably varies somewhat as a result of individual .
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differences in ampules and viscosities of propellants. The insulated

d weight closed an electric circuit which provided a starting signal for
the timing instrmnents at the moment the ampule was broken.

Two types of instrument actuatedby light emission were used
shultaneously to measure the delay interval. Instantaneous indica-
tions were obtained from an electronic timer started through a t&ratron
relay circuit triggered by the starting signal and stopped by an smpli-
fied signal caused by light from the test tube striking a photocell.
Continuous records of light emission against time were also obtainedby
means of a camera oscillograph. The recorded signal was a 2000-cycle-
per-second carrier wave mcdulatedby the output of a photoceK1. The
start of the ignition-delay intervsl on the oscill.ographrecord was
indi.catedby a signal from an argon bulb near the photocell which was
shorted out by a thyratron when the falling weight made electric con-
tact with the rod. Another channel on the oscilJograph was used to
record the amplified output of a microphme which was about 1 foot from
the apparatus; an indication of pressure fluctuations during the reaction
of the propellants was thus obtained shultaneousl.ywith the light
emission record.

k

Unless otherwise noted, the ignition data reported herein were
obtained from the oscillograph records. The electronic counter was used
to monitor and check the results, and the microphone record also served
as an auxiliary indication of the start of the ignition-delay interval
and a secondary check on the start of ignition.

.

Interpretation of records. - Illustrative examples of the oscillo-
graph records from a series of experiments giving good reproducibility
and a series giving wide variations are shown in figures 2 and 3~
respectively. b figures 2(a) and 2(b) are shown light-emission and
sound records, respectively, from four experiments with 30 percent
aniline plus 70 percent triethylamine and a red fuming nitric acid at
-760 F. The vertical bars are timing marks, 10 milliseconds apart.
The light-emission-recordnumber 1 (fig. 2(a)), for example, is inter-
preted as follows: The width of the carrier signal represents the
intensity of light striking the photocell. The start of the ignition-
delay interval is indicated at A by the sharp decay of the signal due
to the extinguishing of the argon pilot light by the weight striking the
rod. At B (25 mil~sec) the first of several short rapid flashes
occurred but continuous flame did not start until C (37millisec).
In the intervals D to E and F to G the photocell was saturated
with strong light. The saturated intervals are idegtifi.edby the
carrier signal being less than the ground level as in the interval
between A and B. The records of experiments 2 and 4 were obtained
with a different photoelectric pickup than those of experiments 1 and 3
and the qyality of the signal was less satisfactory. The irregular
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fluctuations during the first parts of recogds from experiments 2 and 4
(fig. 2(a)) were attributed to microphonicspickup and were not defined
as flashes. Flashes were indicated by very sharp short disturbances of P

the signal. —

The sound records obtained simultaneouslyare shown in figure 2(b).
The validity of the start signal A of’expertient 1 (fig. 2(a)) is con-
firmedly the sound record (experiment 1, fig. 2(b)), which starts to
become fuzzy (indicatingnoise) at the seineinstant A within an inter-
val of the order of 1 millisecond. At ‘C (fig. 2(b)), 37 milliseconds f
from the start of the noise, a strong pressure pulse is indicatedby a
dip in the sound record and-correspon= to,the start of the continuous
interval of light emission (fig. 2(a)). The remainder of the sound
record is difficult to interpret because signals from vibrations of the
flame are probably mixed with those from mechanical vibrations of the
hood in which the experiments were conducted. The ignition-delay inter-
vals as determined by the electronic timer, the times of short flashes
and the starts of continuous flames as indicated by the light-emission
records (fig. 2(a)), and the first strong pressure pulse from sound
records (fig. 2(b)) are shown in the following table:

.

#

Experiment

1

2

3

4

Ignition Time of start of Start of
delay from short flashes, first con- first strew
electronic millisec tinuous flame, pressure
timer, millisec pulse~
millisec millisec

24 25 37 37
I I 1

34 34 -- 34
-- 37 37 --

m 38 38 36

35 I 35 ‘ --

I ---- 38 , . .38 38

r .
>

The ignition-delay intervals as determinedly the electronic counter
varied from 24 to 38 milliseconds, because the counter was stopped during
experiments 1, 2, and 4 by short flashes of light, instead of by the
start of continuous flame. The starts of the continuous flames were in
close agreement, varying between 37 and 38 milliseconds, and these &ta
were accepted as the ignition-delay intervals.

—

.

.
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Figure 3 shows oscillograph records for 30 percent xylidine plus
● 70 percent triethylsmine with red fuming nitric acid at -87° F, and

represents a series of records which were more difficult to interpret
than those in figure 2. The light-emission record of experiment 1
shows short rapid flashes starting at B (114 milllsec) and start
of continuous flame at C (128 mi~lisec). The record of experiment
2, however, shows only a momentary weak flame at C! and the gradual
start of continuous flame at D (175 millisec). The record of exper-
iment 3 shows D to be the start of a series of weak flames withN

m stronger flames occurring at E (3Xl millisec) and F (390 millisec).
P In record 3, D was accepted as the start of igaition beca~e it in-

dicates the stit of a series of weak flames corresponding to the first
strong continuous flame on record 2. Figure 3 also shows unusually
large deviations between the light-emission records and the sound
records; the sound records were disregarded. Although occasionally,
as in experiments 2 and 3 (fig. 3), selection of the ignition-delay
interval was scmewhat arbitrary, the numerical data in such instances
nevertheless indicate trends.

~ The data of figure 3 also illustrate the fact that ignition in some
cases appears to be a periodic process. Variations in data may thus be
a function of the fuel and oxidant used and the extent of mixing. The
periodic process possibly maybe affected also by surface conditions
and trace @urities.

RESULTS

Fluid Properties of Fuels

The use of a liquid rocket

AND DISCUSSION

and Oxidants at Low Temperatures

propellant at low temperature maybe
limitedby either freezing or excessive tiscosity.

Freezing temperature of acid oxidants. - Freezing, rather than
viscosity, limits the fluidity of acid oxidants at low temperatures.
Approx~te freezing temperatures of most of the acids used in this
investigationare presented in table I. Acids investigated which had
freezing temperatures lower than -760 F were a mixed acid COnta-g
29 percent sulRxric acid (MA-O-29), red fuming nitric acids containing
approximately 3 percent water and 16 and 19 perceat nitrogen tetroxide
(RFNA-3-16 and RFNA-3-19), a white fuming nitric acid containing 9 per-
cent water (Wl?NA-9),and nitric acids containin

t

8 percent or more
water and potassium nitrate or perchloric acid WFNA-8(6-KN03), WFNA-

9(7-HC104), and WT!NA-11(4-HC104)]. The acids also showed tendencies
to supercool, and it was possible to obtain ignition-delay data with
RFNA-3-19 at temperatures as low as -105° F. The tendency for these
acids to supercool may constitute an emergency safety factor of
practical importance.
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Viscosities of fueh. - Kinematic-viscosity - temperature data
within the range from 770 to -1130 F for several aromatic amines, tri-
ethylsmine, and blends of aromatic amines with triethylamine are pre-

b

sented in figure 4. The kinematic-viscosityand temperature scales are
similar to those recommended by the A.S.T.M. for use with petroleum

—

products. The data for each of the amine fuels are shown to fall close
to a straight line, thereby following the relation (ref. 9)

log log (V + c) =A

where

7> kinematic viscosity, centistokes

c constant> ‘0.6 to 0.75

T absolute temperature, %.

A,B constants, functions of fuel

The bleridsof secondary and tertiary aromatic amines were more fluid
*

(less viscous) at low temperatures than the correspondingblends of
primary smines. Eight blends are shown,in figure 4 to have kinematic .
viscosities less than 10 centistokes at”-40° F and less than 500 centi-
stokes at -105° F.

The blends, apparent~, are nonideal solutions.
were ideal, the kinematic viscosity for a blend could

‘=-)

If the solutions
—

be calculated as

kinematic viscosities of blend, component A, and component B,
respectively, centistokes

densities of ccxuponents A and B, respectively

volume fractions A and B, res@–ctively

mole fractions A and B, respectively

For several blendK, calculated tid cbserved—kinematicviscosities are
shown in the folhwing table: .
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~ Aramtic amine PercentErcm19tic Viscosity,
aminein centistekes
triethylalnine

700 F *o ~

volume Mole celcu- ObservedRatio, Cahll- ObservedRatio,
lated observed lated observed

calculated calculated

Auiline WI 60 0.96 1.72 1.8 ---- ---- ---
30 40 .72 1.07 1.5 ---- ----

o-ToluMlne 50 56
---

0.90 1.57 1.7
30

---- ----
36 .69 1.01 1.5 --— ---- :::

H-Ethylaniline 30 53 0.79 1.06 1.4
30 32

2.03 .7.40
.64 . al

3.7
1.3 1.52

H,R-Diethylaniline 50 47 0.74
3.40 2.2

0.98 1.3
30

1.s4
27 .62

3.75
.74

2.0
1-.2 1.43

Ii, li-Did3.yhmil.in.e50 44
2.18

0.72
1.5

1.08 1.5 1.74 4.92 2.8

fyfi

~ The observed viscosities are higher than those calculated, especially
at low temperature, thereby indicating probable presence of canplexes

. between the components of the blends (ref. 10).

Ignition Study of Acid Oxidants at -40° F

Early in the investigation a 50 percent by vohune blend,of xylidines
in triethylamine (suggested by ref. 11) was found to be fairly fluid
at -40° F and ignited reproducibly with concentratectwhite fuming and
anhydrous nitric acids. This blend was therefore selected as a refer-
ence fuel to study the comparative ignitability at -40° F of several
acids. Some of the acids were also investigated with a 50 percent by
volume blend of N,N-dialJylaniline in triethykmine. The results of
this investigation of acid oxidants are shown in table D.

Acids giving short ignition delays. - As shown in the following
table, a mixed acid, several red fuming nitric acids, and white fuming
nitric acids containing 2 percent or less water gave short average
ignition-delay intervals at -40° F tith the two fuels:
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Acid

MA-2-17
RFNA-3-16
RFNA-3-19

(lot a)
RFNA-3-29
RFNA-5-35
NA(anh)-O-3
wFNh-2

Approximate
freezing
temperature
of acid,

OF

-68
-82
-87

-68
---

-45
-45

Average ignition-delay interval at -40°F,
millisec

28 27
31 -- 28
31 26

31 --

34. : 51
34 17
42, 20

Effect of water in white fuming mtri~ acid. - With white fuming
nitric acids the average ignition delays of the two fuels increased
with increase of water in acid as shown by the following table:

AC id

NA(anh)-O-3
WFNA-2
WFNA-7
WFNA-9

Water in
acid,
percent
by weight

Average ign~tion-delay interval at -40°F,
millisec

50 Percent xylidine 50 Percent
in triethylamine N,N-diallylaniline

.. in triethylemine
1 r

I
0.3
1.8
6.8
8.7

34 17
42 20
114 - No ignition

No iaition -----------

I I I

g.
CN

.-
U —

.

Other acids containing 8 percent or more water, WFNA-8(6-KN03),
WFNA-9(7-HC104),.andW3T?A-11(4-HC104),.Md not i~ite.. s~~r tren~
were observed with NA(anh)-O-3, WFNA-2, =-7, and WFNA-U.(4-HC104) in

a 50-poutid-thrustrocket chamber (ref. 12).

Effect of ammonium nitrate in white fuming nitric acid..- The
acids ~NA-2(5-NH4N03) and WFNA-2(10-NE4N03), prepared by addition of

5 and 10 percent amnonium nitrate to mA-2, were found to ignite 50 per-
cent xylidine in triethylamine with average delays of two to three times

—

those obtained with WFNA-2 alone. This may be the result of the suppres- * –
sion of nitronium (N02+) and nitroson~ (NO+) i~s by the titrate i~~

The possible roles of N02+ and NO+ is discussed in reference 13.
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I~ition by low-freezing acids. - A comparison of average ignition-
delay intervals at -40° F for several acids freezing below -760 F

“

(-60° C) is shown in the following table:

Acfd Approximate Average ignition-delay interval at -40° F,
freezing millisec
temperature
of acid, 50 Percent xylidine 50 Percent

% in triethylsmine N,N-diedlylaniline
h triethylamine

R?NA-3-19 -87 31 26
(lot a)

RFNA-3-16 -82 31 28
U-O-29 -87 48 67
KFNA-9 -81 No ignition --

NFNA-8(6-KN03) -96 No ignition --

NFNA-9(7-HC104) -78 No ignition --

KFNA-11(4-Hc.!lo4) -91 No ignition --

Because of low freezing temperature and short average ignition delays,
acids of the type RYNA-3-19 were used for further ignition experi-
ments at several temperatures.

Ignition Study of Fuels at -40° F

A study was made at -40° F to detemine the ignitability of several
fuels with representative acids having vigoraus and mild ignition
characteristics, respectively. The fuels were first investigate~with
(a) mixed acid, inasmuch as references 1 and 2 show that mixed acid has
desirable low-temperature ignition characteristics, and (b) white fuming
nitric acid to show their ignitability with a less vigorous igniting
acid. The acids MA-3-17 and WFNA-7 were used for most of’these experi-
ments.

Several of these fuels were also investigated with two acids found
to have low freezing temperatures (table 1), namely, (a) RENA-3-19,
freezing at -87° F and showing desirable Qnition characteristics, and
(b) WFNA-9, freezing at -81° F. Tn preliminary experiments (table II)
WFNA-9 was unsatisfactory as an igniting acid, but it may be a desirable
propellant on the basis of handling and is representative of white
fuming acids with freezing temperatures depressedby addition of water.

—
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Ignitability of blends of arcmatic smines in triethylamine. - As
shown in table III, with the mixed acid MA-2-17 blends of the aromatic
smines, aniline, N-ethyl-aniline,N,N-diethylaniline,N,li-diallylaniline,

.

~-toluidine, and xylidines, respectively, in triethylamine ignited at
-40° F with most of the average delays between 28 and 48 milliseconds”

—

and no average greater than 65 milliseconds. With the white fuming
nitric acid containing 7 percent water (WFNA-7)~ all the investigated-” ‘“
blends of aromatic mines in triethylamine (except 50 percent
N-ethylaniline and 50 percent N,N-diallyladiline,respectively) igmited

.-

at -40° F wi$h average delays r~ging from 23 to lJ5 milliseconds. $
-mCu

Ignition of blends of aromatic amines in triethylsmine by low-
freezing acids. - The investigationwith low-freezing red fuming nitric
acids (RFNA-3-19) and low-freezing white fuming nitric acid [WFNA-9)

—

at -400 F (table 111) showed t~t the blends of aro~tic mines in .
triethylamine ignited much more satisfactorilywith the red fuming
acid; the average delays with RFNA-3-19 were between 20 and 55 milli-
seconds, but with WFNA-9 most of the ignitions were sporadic or did not
occur and the average delays were all g&eater than ‘1OOmilliseconds.
In these experhnents blends of 50 percent aniline and 30 percent
xylidines, respectively, in triethylamine showed the most consistent “.

ignitabilitywith WFNA-7 and WFNA-9.

Effect of blending aromatic amines with triethylamine. - Not only
are blends of arcmatic smines with triethylamine more fluid at low tem-
peratures than the aromatic mines alone (fig. 4), but in the case of
N-ethylani.lineand N,N-diethylaniline the blends tended to show more
desirable ignition characteristicsthan,either of the parent substances)
as shown in the folluwing table:

Average ignition-delay interval at -40° F,
millisec

MA-2-17 RFNA-3-19 WFNA-7

51 No ignition No ignition
45 54 Sporadic
48 36 105

No ignition 755 Sporadic

N,N-diethylaniline
50 N,N-diethylaniline
30 N,N-diethylmiline
Triethylsmine

90 N9 i“gnition No ignition
35 42 33
65 33 94

No ignition 755 Sporadic
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Because OF freezing temperatures higher than -40° F, the ignition
delays of pure primary aromatic amines were not determined in this
investigation,but trends maybe noted in a comparison of ignition .
delays at -40° F of several 30 and 50 percent blends of arcmatic amines
h triethylamine, as shown in the following table:

millisec

Aromatic amine Aromatic Average ignition-delay interval at -40°F ,1
amine in
triethyl-
smine, MA-2-17
percent
by volume

Aniline 50 33
30 38

N-ethylaniline 50 45
30 I 48

N,N-diethylanilineI 50 35

==Rw

m-3-19 WA-7 I WFNA-9

*

These data show that at -40° F with mixed acid MA-2-17 the 50 percent
blends of aromatic amines in triethykamine gave shorter average ignition
delays, but with low-freezing red fuming nitric acid RFNA-3-18 the
more fluid 30 percent blends gave shorter delays. Ho significant trend,
however, was found with acids WFNA-7 and WFNA-9.

Fuels causing explosions. - Three other fuels showed short ignition
delays at -40° F with nitric acids containing 2 percent or less water,
but, because they damaged the equipment with vigorofis~losi.ens, no
further investigationwas undertaken with this apparatus. These fuels
were blends of 70 percent furfuryl alcohol plus 30 percent aniline
(poor fluid characteristics), 56 percent furfuryl alcohol plus 24 per-
cent aniline plus 20 percent methanol, and a-furfuryl mercaptan. The
m-furfuryl mercaptan has shown satisfactory ignition with NA(anh)-O-3
and WFNA-2 at -40° F in a 50-pound-thrust rcmket chaiber (ref. 12).
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Ignitibility of Blends of Arcmatic Amines in Triethylamine

with Red Fuming Nitric Acid.Within Temperature
b

Range 70° to -105° F

Ignition-delay characteristics of several blends of aromatic amines
in triethy~ne (table 11’1)having viscosities less than 10 centistokes
at -40° F were investigatedwith low-freezi~ red fuming nitric acid
<RFNA-3-19) at several temperatures frcm 70° to -105° F and these data
are shown in table N. The reference fuel, a 50 percent blend.of
xylidines in triethylamine,was also investigated at several tempera-
tures.

Effect of blending. - At several temperatures with RFNA-3-19 the
30 percent blends of several aramatic smines in triethylamine tended to
give shorter ignition-delay intervals than the 50 percent blends, as
shown in the following table:

Aromatic amine

Kylidines

N-ethylaniline

N,N-diethylaniline

Arcmatic Average ignition-delay interval, ●

amine in millisec
triethyl-
amine, 70° F -40° F -76° F -105° F .

percent
by volume)

50 27 31 56 -----------
30 19 31 49 No ignition
50 35 ‘ 54 74 875
30 26 : 36 61 664
50 36 42 70 No ignition
30 24 33 160 No ignition

As has been previously noted, thesame trend was shown forablends
of other arcmatic amines in triethylaminewith RFNA-3-19 at -40” F.
The better ignitability of the 30 percent blends is a practical advan-
tage because these mixtures also have lower viscosities than the corre-
sponding 50 percent blends (fig. 4).

Comparison of 30 percent blends of prhary and secondary aromatic
smines in triethylamine. - Because of the lower viscosities of the
30 percent blends, more of these blends were investigated. A ccmrparlson

—

of the ignition delays of several 30 percent aromatic blends in tri-
ethylamine with RFNA-3-19 at several temperatures indicates that the
30 percent primary mine blends tend to ignite more readily than the
30 percent secondary and tertiary amine blends, as shown in’the fol.luw-
ing table:

.
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Arciuaticamine,
30 percent by volume-
in triethylamine

Primary
o-Toluidine
kiline
Xylidines

Secondary and tertiary
N-ethylaniline
N,N-diethylsuiline

Average ignition delay with RFNA-3-&l, I
millisec

70° F -40° F I -76° F I -87° F

19 24 38 61
21 21 37 108
19 31 49 148

26 36 61 ---
24 33 160 ---

-1050 1? I

+

210
> moo

No ignition

664
No ignition

Of the fuels investigated, the blend of 30 percat ~-toluidine in tri-
ethylamine appeared to have the most desirable ignition characteristiccs
at low temperatures. (The data obtained at -1050 F were with super-
cooled acid.)

Generalized temperature effects. - When Arrhenius type plots (log
of average delay against reciprocal of absolute temperature) are made of
the data for the sromatic anine blends (table IV), most of the curves
show shsrp bresXs in the region of -760-F. At te&peratures higher than
about -76° F, the temperature coefficientsare small, suggesting over-all
activation energies from O to 2 kfiocslories per mole. At lower tempera-
tures, however, the variation with temperature is much higher, indicat-
ing over-all activation energies in a range frmn 10 to 40 kilocalories
pek mole.

A conjecture may be made that, at temperatures higher than apprmi-
mately -76° F, the ignition in the open-cup apparatus is limited on~ by
simple G. N. Lewis type neutralization reactions, in these cases, prob-
ably the addition of nitronium (N02+) and nitrosonium (NO+) ions to the

fuel molecules. The suggestion is made in reference 13 that these reac-
tions are probably the first to occur because of their low activation
energy. These addition reactions, which are equivalent to neutralization,
can furnish heat for subsequent reactions that reqgire higher activation
energies. At lower initial temperatures, which under the condition of
these ~riments occur below approd.mately -76° F, the possibility
exists that other reactions or processes requiring higher actintion
energies are rate controlling.

-
Rnphasis is placed on the fact, however, that the transition tem-

perature (appra. -76° F) may apply only to the conditions of these ex-
periments, since a transition at this temperature was not found in exper-
iments made at the Lewis laborato~ in a 50-pound-thrust rocket engine
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using low-freezing nitric acids with 50 percent by volume N,N-tialylanildne
plus triethylamine (ref. 12) * 30 percent Q-toluidine plus triethylamine
(ref. 14). The 50-pound-thrqst-rocketexperiments.place even more confi- “
dence in these fuels by giving shorter i@ition delays at very low tem-
peratures. The NACA open-cup apparatus.is shown to be a severe test for
self ignitibi~ty of rocket propellants at very low temperatures, end-it - “-
is possible that other aromatic amine - triethylamineblends would show
shorter delays at very low temperaturesin_— engine than in this
apparatus.

.

M-

Available ddrect comparisons (ref. 14) show that the numerical delays ~

from the NACA open-cup apparatus break away from mall-engine data as the
viscosities of the propellants became greater than about 20 centlstokes. “-’‘- ‘“”
Plots of log delay against log viscosity for most of the fuels frmn table
IV show breaks occurring over a range of 10 to 40 centistokes. The fact
that most of these breaks occur when the temperature is in the region of
-76° F suggests the possibility that the breaks are associated with the
acid. Since the viscosity of the acid wouldbe about 20 centistokes at
-76° F (ref. 12) and the volume of acid is-three times the volume of the
fuel, the criterion of approximate 20-centistoke~ seems at present to be
as good as any for estimating where numerical ignition delays in the NACA -
open-cup apparatus depart from emall-er$ine data.

.
—

.

Blends of Armatic Amines plus -Furfuryl Mercaptsm

Experiments with blends of aromatic amines plus a-furfuryl mercaptan
(table IV) were discontinued because of inconsistent results probably
caused by chemical changes which were noticeable after the mixture stood
several days.

—

Practical Aspects

h-freezing acid oxidants. - ‘I!hiswork along with other research at
the Letis laboratory and elsewhere has helped in a reappraisal of red
fuming nitric acid. New military specificationshave been written for
low freezing RFNA (ref. 15}.

Itcw-temperature igniting fuels. - The fuels, which are inticated
herein to be fluid and to ignite at low temperatures, could become im-
portant in an emergency if more recently developed fuels were in short
supply●

SUMMARY OF RESULTS

. .

An investigationwas made of the fluid properties end ignition-delay
characteristicsof approximately 90 fuel-oxidant ccznbinationeat -40° F
and some of these combinations were investigated at several other temper-

.

atures within the range from 70° to -105°.F; the following results were
obtained:
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1. Several acids were detemined to have freezing temperatures less
than -760 F. Of these acids, the red fuming nitric acids containing
approximately 3 percent water and 16 and 19 percent nitrogen tetroxide
gave satisfactory ignition with several fuels at -40° F.

2. Kinematic viscosities of aromatic ties were reduced by blend-
ing 50 and 30 percent hy volume arcmatic amine in triethylamine. Eight
such blends had kinematic viscosities less than 10 centistokes at -40° F
and less than 500 centistokes at -105° F. The blends were apparently
nonideal solutions.

3. At -40° F, 32 blends of 30 and 50 percent aromatic amines,
respectively, in triethylsmine were found to give generally satisfactory
ignition with mixed acid containing 2 percent water and 17 percent
sulfuric acid and low-freezing red fuming nitric acid containing 3 per-
cent water and 19 percent nitrogen tetroxide (average ignition-delay
intervals fra 20 to 65 mil~sec). All but two of these blends ig-
nited with white fuming nitric acid containing 7 percent water with
average delays varying from 23 to 115 milliseconds, but generally
sporadic ignition was obtained with low-freezing white fuming nitric
acid containing 9 percent water.

a

4. With mixed acid, red fuming nitric acid, sndw~te fuming nitric
acid at -40° F, blends of 50 and 30 percent by volume of N-ethylaniline
and N,N-di.ethylmdline, respectively, in triethylsmine gave shorter
average ignition delays than the wiblended parent components.

5. Comparisons of blends, respectively, of 50 and,30 percent by
volume arcmatic amines in triethylamine showed that the 50 percent
blends gave shorter ignition-delay intervals with mixed acid (2 percent
water and 17 percent ailf’uricacid) at -40° F, but with red fuming
nitric acid (approximately 3 percent water and 19 percent nitrogen
tetroxide) the more fluid 30 percent blends gave shorter delay intervals
at temperatures of 70°, -40°, and -76° F.

6. Low-freezing red fuming nitric acid (apprmimately 3 percent
water and 19 percent nitrogen tetroxide) gave the following average
ignition delays with 30 percent by volume blends of aromatic smines
in triethylamine (the acid had an approximate freezing temperature
of -87° F and was supercooled at -105° F).
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Aromatic amine, Average ignition delay,
30 percent by volume millisec
in triethylamine

70° F -400 F -760 F -870 F -1050 F

Prhlary
p_-Toluidine 19 24 38 61 210
Aniline 21 21 37 108 >1000

Xylidlnes 19 31 49 148 No ignition

Secondary and tertiary
N-ethyl-aniline 26 36 61 --- 664
N,N-diethykiline 24 33 160 --- No ignitio”n

Lewis Flight Propulsion Laboratory
National Advisory Committee for Aeronautics

Cleveland, Ohio, October 11, 1951
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TARE?, II - IGNITION S!J?JDY AT -40° F OF SEVERAL NITRIC ACID OXIDAN!T9 UITR

BIENi% OF AROMATIC MiUTS PIUS TKETHYLANINR

TWO 50-5Q (BY VOLUME)

[DAA, N, N-dlel.lylaniline; Tf, approximate freezing temperatame, ‘F.]

Acid oxidant Fuel h Number

I
Ignition-delayinterval at -A@ F,

Composltlon, triethylamine, of millisec
peroent by weight 50 peroent trials ~ata point .epreaenlis average]

Mixed aoide

M#-2-17 (Tf, -68)

B-L.3 RN03-17.1 H&04-1.6 H20

MA-O-29 (Tr, -87 )a

70.7 HN03-2S .3 H.#304b

Red fuming nitric aolds

FlFNA~3-16 (Tf, -82)

80.8 RN05-15.13 N20.4-3 .4 H20

.IWRA-5-19 (lot a) (Tf, -87)

78.0 HNO+9 .0 N20~-3 .0 H20

IWNA-3-29 (Tf, -6S)

67.6 HN~-28 .2 N204-3 .2 H20

RFNA-5-35

60.1 S?403-34.7 H204-5 .2 H20

by volume
10 2

xylidineB

I
*3

DAA 4 I

==-K--k

40

0
4 —

-c

>
-0

\

+ -

-( 3

-0’
I

—

—

—

—

—

—

—

) 6(

.
-EEz ‘
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aData trom ref. 16.
bcalculated approximate oomWsi.tiOn.

‘Ignition delaye IYom electronic t~r only.

I



TABLE III - URTITION S!IUDY AT -M@ F OF VARICU2 FU2J.9 HITE SEVERAL NIWC ACID ~
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(P, 17,5)

50-xyMn.neB - 70-triethrlamine
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Iacanday nnd tertinryaromatlo tines in
triethylamirle

50-li-EthylanlUme

so-n-EthyleJLuti
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FQure 1. - Ignition-delayap~tus.
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(a) Light-emissionreoords.

2 Ilmmmmmmmm

(b) Sound recozds.

F&we 2.-* OScillographreoordaof ldgh’temissionand sound from ignitionUP a blend of
30 peroentaniline plus 70 peroent triethylmninewith RFWI-3-19 (lot a) at -76° F’.
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F&ure 4. - KinematicvlecositlesOf aromaticamines, tri.ethylamine,
and blends of aromatic amines in triethylamine aa functlona of
taweratu??e.(CooWnate scales slmllar to those recommendeclby
A.S.T.M.;see ref. 9.)
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Figure 4. - Concluded. Klnematlc tiacosftles of aromatic ami.nes,tri-
ethyl~lne, and blendO of aromat~c ami.neain trlethylamine as func-
tions of temperature. (Coord$te scales similar to those recom-
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